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ABSTRACT
The scattering and attenuation of megahertz frequency acoustic backscatter in liquid suspensions,
is examined for a range of fine organic and inorganic particles in the Rayleigh regime, 10-4 < ka <
100 (where k is the wavenumber and a the particle radius) which are widely industrially relevant,
but with limited existing data. In particular, colloidal latex, mineral titania and barytes sediments,
as well as larger glass powders were investigated. A manipulation of the backscatter voltage
equation was used to directly measure the sediment attenuation constants, ȟ. Decoupling of the
combined backscattering-transducer constant, allowing explicit measurement of the backscattering
constant, ks, was achieved through calibration of the transducer constant, kt. Additionally, the
methodology was streamlined via averaging between a number of intermediate concentrations to
reduce data variability. This approach enabled the form function, f, and the corresponding total
normalized scattering cross-sections, Ȥ, to be determined for all species. While f and Ȥ are available
in the literature for large glass and sand, this methodology allowed extension for the colloidal
organic and inorganic particles. Specific gravity normalisation of f collapsed all data onto a single
distribution, with the exception of titania, due to scattering complexities associated with
agglomeration. There was some additional variation in Ȥ, with measured values of the fine particles
up to of magnitude greater than the density-normalised prediction at low ka. Mechanisms
accounting for these variations from theory are however analysed, and include viscous attenuation
effects, the polydispersity of the particle type and increasing influence of the solvent attenuation.
Additionally, thermoacoustic losses appeared to dominate the attenuation behaviour of the organic
latex particles. This study demonstrates that particles close to the colloidal regime can be measured
successfully with acoustic backscatter, and highlights the great potential of this technique to be
applied for in situ or online monitoring purposes in such systems.
1 Introduction
Acoustic backscatter systems show significant potential for the measurement of solids
concentration and size in many suspensions, in both environmental and engineering fields. The
primary advantage of ultrasound, is the improved depth penetration in concentrated and opaque
media, compared with optical based methods, such as laser scattering [1], CCD video techniques
[2] and optical backscatter systems [3]. In situ backscatter devices, which measure the echo
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response, also offer better application flexibility than instrumentation which incorporate separate
transmitters and receivers, including electrical tomographic methods [4, 5], gamma or x-ray
densitometers [6, 7], as well as ultrasonic transmission methods [8-11]. Both single-frequency and
array-based echo techniques are now widely utilised to measure particle properties in relatively
low-concentration environmental sediment transport studies [12-15], and similar methods are
being investigated for a number of industrial fields [16-22].
A key challenge with utilising the theoretical approaches in solving backscatter voltage equations
(to extract particle size and concentration information) is the requirement to define the
backscattering constant (ks) and the sediment attenuation coefficient (ȟ) for the particle system of
interest. These parameters are derived from correlations of the dimensionless form function, f, and
total normalised scattering cross-section, Ȥ, respectively. Such correlations exist for large non-
cohesive particles; glass beads and sandy sediments [15, 23, 24]; however, data are not currently
available for organic particles and many minerals, which are of interest in engineering systems.
Furthermore, existing data are limited with respect to small grain sizes, especially within the
Rayleigh scattering regime (ka < 1, where k is the wavenumber and a the particle radius).
Rice and co-workers [25] have previously outlined a method for measuring the attenuation
constants of particles in suspension. It utilised the Thorne and Hanes [15] model for dilute marine
sediment applications, which is based on parameterising the return echo voltage to various particle
properties, specifically size and concentration. The method facilitated the characterisation of
suspensions comprising arbitrary particle types, although it was limited by an inability to separate
the backscattering constant of the particles, ks, from the influence of the transducer constant, kt.
The current authors have previously undertaken similar analysis alongside phenomenological
approaches to characterise concentrated, settling and turbulent dispersions of large glass beads,
plastic particles and colloidal minerals in pipe flows, as well as small and large industrial scale
tanks [26-32]. Collectively, this research provides pathways to enable online characterisation of
many concentrated dispersion systems in industries ranging from cosmetic, pharmaceutical, food
and paint products, to water treatment, minerals and nuclear waste processing. However, due to a
lack of specific information on the backscatter coefficients of these engineering suspensions,
quantitative assessment using established theory was restricted.
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To help overcome the current lack of engineering data and theoretical limitations, this paper
presents a rapid, phenomenological approach for determining these acoustic parameters for a
number of fine sediments with varying densities, of general relevance to process engineering
systems. While the method outlined by Rice and co-workers [25] has previously been utilised to
independently measure the attenuation constant, it will be extended by calibrating the transducers
to enable quantification of ks for arbitrary particle types. Specifically, we initially examine the
values of ks for spherical glass particles, where the scattering attenuation is dominant, due to the
large scattering cross-section resulting in acoustic losses at angles other than 180° [33]. Acoustic
responses will also be compared to fine inorganic minerals; barium sulphate and titanium dioxide,
which predominantly incur viscous losses due to small grain size and large density contrast
between the particles and dispersant [34]. Colloidal organic emulsions and latex dispersions will
additionally be measured, where the thermoacoustic scattering effects are dominant from the
minimal density contrast between the particles and fluid [34]. Normalised f and Ȥ functions are
subsequently determined for the first time for these systems, from directly measured values of ȟ
and ks.
Colloidal particle systems have historically been characterised via ex situ broadband ultrasonic
spectroscopic devices, with separate transmitting and receiving transducers, comprising
measurement depths of only a few centimetres [9-11]. Measurement of these particle types with
larger-scale profilers is challenging, as the reduced backscatter intensity from colloidal grain sizes
and high levels of acoustic attenuation incurred from thermal losses, which may introduce
instrument limitations. Collectively, these dispersions provide acoustical responses within the
Rayleigh scattering range, 10-4 < ka <  100, where data are currently limited. Hence, they will
facilitate the assessment of the backscattering and attenuating behaviour of particles with small
grain sizes and a range of acoustic properties. This final outcome will assist in closing the
knowledge gap for small particles, which are important in suspension applications in engineering,
as well as improving understanding of the acoustic response of individual particulates and
aggregates within large floc structures.
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2 Theory and calibration procedure
The acoustic backscattering theoretical approach is summarised in a review by Thorne and Hanes
[15], which is extensively used by marine scientists for particle size and concentration
measurements, especially in dilute environments (< 1 g/L) comprising large sediment grain sizes
(radii > 40 µm) [35]. The model is described in the Appendix (see Eq. A.1-A.9) and requires
knowledge of the sediment’s backscattering and attenuating properties. Specifically, the
backscattering constant ks is derived from the dimensionless form function, f, which describes the
sediment’s backscattering properties as a function of its size and the insonifying frequency. The
sediment attenuation coefficient, ȟ, is derived from the dimensionless total normalised scattering
cross-section, Ȥ, which quantifies the sediment’s attenuating properties due to scattering and
absorption losses.
Expressions for f and Ȥ have been established for spherical glass and quartz-type sand particles
(see Appendix, Eq. A.6-A.9 respectively), via the heuristic fitting of data obtained by various
authors normally within the ka range 10-1 –  101. Attenuation data have typically been obtained
from hydrophone measurements at fixed distances from the transmitting transducers, with the form
function being calculated from backscatter measurements where the absolute measured pressure
data are computed in equations comprising Bessel function terms [36]. Knowledge of the sediment
specific f and Ȥ are a prerequisite to facilitate suspended sediment concentration characterisation
via single or dual-frequency inversion methods. Such algorithms enable solids concentration to be
determined from acoustic backscatter measurements by inversion of the corresponding equation
relating the two parameters (specifically Appendix Eq. A.1) [15, 25]. Importantly, there are
currently limited data available in the literature for the determination of f and Ȥ for many particles
types other than glass beads and quartz-type sands (especially for particles with large density
differences in the small ka range) although Moate and Thorne [37] have established values for a
number of inorganic particles of mixed mineral composition.
The method outlined by Rice and co-workers [25] for determining ȟ, considered a linearized
rearrangement of the generally reported equation for root-mean-square voltage (see Appendix, Eq.
A.1), in terms of the range-corrected echo amplitude (titled as the ‘G-function’) which is shown in
Eq. 1. Here, kt is the transducer constant, ks is the sediment-specific scattering constant, V is the
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measured voltage at a corresponding transducer range, r, and ȥ is the near-field correction factor
which accounts for the non-linearity of the acoustic wave within the transducer’s near-field, and
leads towards unity (1) in the far-field (which was assumed in the calculations herein). M is the
solids concentration, while Įw and Įs quantify the attenuation due to water and sediment,
respectively.ܩ = ln(߰ݎܸ) =  ln(݇௦݇௧) + ଵଶ  lnܯെ 2ݎ(ߙ௪ + ߙ௦) (1)
In the specific case of dispersion homogeneity with respect to particle size and concentration,
taking the derivative with respect to r, then M, and utilising the definition of Įs =  ȟmM (see
Appendix, Eq. A.3), an expression for ȟm, the concentration independent attenuation coefficient,
is obtained in homogenous dispersions, as given in Eq. 2 (where the superscript ‘m’ refers to it
being a measured parameter).ߦ௠ =  െ ଵଶ ௗௗெ ൤ ௗௗ௥ [ln(߰ݎܸ)]൨ =  െ ଵଶ ௗమீௗௌ௥ (2)
Eq. 2 enables calculation of ȟm directly from the gradient of dG/dr versus M. In this form,
independent knowledge of the sediment is not a prerequisite, therefore ȟm can be measured for any
arbitrary system. Rearrangement of Eq. 1 and substitution of Eq. 2, also enables quantification of
the sediment specific backscattering constant, ks, for the same systems as shown in Eq. 3.݇௦ = ట௥௏௞೟ ܯିభమ ݁ିଶ௥(ఈೢାకெ) (3)
Eq. 1 is comparable to linearized expressions reported by other authors, such as Thorne and
Buckingham [38], which provides a similar approach for calculating Ȥ and f from the gradient and
intercept of the linear curve of G versus r, respectively. However, the double differential
arrangement (shown in Eq. 2) may lead to more robust estimations of the attenuation coefficient
in concentrated engineering suspensions. In the case of Thorne and Buckingham [38], Ȥ and f are
quantified via echo profiles in dilute concentrations. In the present study, evaluation of the
attenuation coefficient from a linear curve fit of dG/dr versus M [25], utilising measurements from
a range of concentration profiles from dilute to concentrated, potentially reducing inaccuracies
arising from data variability in complex sediments.
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Additionally, estimations of the attenuation constant may be more accurate at higher particle
concentrations, since attenuation begins to dominate over the scattering response of particles. It
has been previously shown by Hunter and co-workers [28], that while acoustic backscatter strength
versus particle concentration is only linear in dilute conditions, typically < 10 kgm-3 (depending
on ka) signal attenuation remains linear into very concentrated conditions (> 50 kgm-3), and thus
measuring over this greater range enables enhanced accuracy of the attenuation coefficient. Since
according to Eq. 2, dG/dr exhibits a linear relationship with respect to system attenuation, this
suggests that similar concentration levels can be operated in the G-function method for accuracy.
In fact, particle concentrations of up to 100 kgm-3 were used by Rice and co-workers [25] in a
small-depth calibration chamber. The relationship is expected to retain linearity up to a certain
concentration threshold, after which multiple scattering effects become significant. The threshold
will lower with increasing frequency, due to heightened attenuation associated with a reduction in
wavelength. Hay [39] observed this behaviour when comparing backscatter strength directly with
concentration. Previously, the current authors have measured the ȟm of highly attenuating barium
sulphate particles, which were near-colloidal in size (d50 = 7.8 µm), in concentrations up to 64
kgm-3 within a 0.6 m depth vessel [26].
Rice and co-workers [25] also measured the combined backscattering-transducer constant K,
defined in Eq. 4, where ks is the particle scattering coefficient and kt the transducer constant.
Previous measurements were completed for glass beads and irregular plastic particles within a 41
– 691 µm size range [25, 32].ܭ = ݇௦݇௧ , (4)
Since kt is an independent system constant that accounts for particular material electro-mechanical
differences in specific transducer systems, it can be quantified by calibrating the transducer.
Calibration can be achieved via measuring homogenous dispersions of scatterers, for which the
backscattering and attenuating properties are well known (e.g. spherical glass particles) and
rearranging the Eq. 5 for backscattered voltage response (see Appendix) solving for kt, [40]. By
combining calibration approaches, kt can therefore be fully decoupled from Eq. 4, to enable
independent quantification of ks via Eq. 3. Once kt is known for a particular transducer system, ks
can then be determined directly for any arbitrary dispersion (for experiments with the same
transducers).
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The methodology for determining ȟ, ks and kt is outlined in the flowchart in Fig. 1, and exploits
relatively few measurements of dispersions at different concentrations. Fig. 1 compares the
measured process for obtaining these parameters (see Route  2), with the standard theoretical
estimations for existing sediments (see Route  1). In Route 1, the attenuation coefficient and
backscattering constant are calculated using values of f and Ȥ derived from predetermined heuristic
expressions given by Betteridge, Thorne and Cooke [40] for spherical glass particles (see
Appendix, Eq. A.6-A.7), or Thorne and Meral [24] for sandy sediments (see Appendix, Eq. A.8-
A.9). f and Ȥ of a sediment are expressed with respect to ka. The superscript ‘c’ in Route 1 denotes
parameters that have been calculated directly from these predetermined expressions. The
superscript ‘m’ in Route 2 denotes parameters measured and determined via the G-function
analysis. Firstly, ȟm is measured directly (using Eq. 2). This parameter is combined with the
calculated backscattering constant ksc and voltage data recorded in homogenous dispersions of
known scatterers to determine the transducer constant ktm. Once ktm is determined from tests in
large spherical glass dispersions of known properties, ksm can be determined by substituting the
values of ȟm and ktm into Eq. 3. This method measures the attenuation coefficient of the sediment
directly, and does not require a predetermined expression for Ȥ.
It is important to note that for calibration purposes, estimated attenuation coefficients are derived
from expressions that only consider scattering losses. However, for systems within the Rayleigh
regime, viscous losses may dominate, and overall measured values will be a summative of both
types of loss (ȟm =  ȟs +  ȟsv) where the subscript ‘s’ relates to scattering and ‘sv’ to viscous losses
respectively. Theoretical models for ȟsv have been developed by Urick [41], as summarised by
Guerrero et al. [12], and are shown in Eqs. 5 – 8. Here, ȟcsv, is the calculated viscous attenuation
loss for a monosized spheres of radius a, v is the kinematic viscosity of the fluid (given as for water
at 15 degrees centigrade, 1.1×10-6 m2s-1 [12]),ı is the particle to fluid density ratio, and again k is
the wavenumber, whileȡs is the density of the particle phase (kgm-3) and F is the frequency of the
transmitted pulse (Hz) T’, Ȗ, and s are intermediate variables in the calculations. These expressions
allow estimation of the viscous attenuation, to compare to overall measured values.
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3 Materials and methods
3.1 Materials
Calibrations were conducted via two sizes of glass beads; Honite 16 and Honite 22 (Guyson
International Ltd, UK). Acoustic constants were determined for glass beads and a range of
additional sediments: barium sulphate or barytes (RBH Ltd, UK), titanium dioxide or titania
(Degussa, Germany), poly-methyl methacrylate (pMMA) latex particles and methyl methacrylate
(MMA) emulsions. The MMA emulsions and latex particles were manufactured in-house via a
crossflow membrane emulsification (XME) technology and subsequent suspension
polymerization, as outlined in a previous publication [42]. Initially, 2 L of MMA emulsion at 30
wt.% were produced. Subsequently, 1 L of emulsion was diluted with 1 L of sodium dodecyl
sulfate (SDS)-laced water, and polymerized to generate 2 L of pMMA suspension at 15 wt.%. This
dispersion was diluted to obtain measurements at a range of concentrations.
3.2 Particle characterization methods
The size distributions of each particle type were obtained from a minimum of three sample runs
each in the Malvern Mastersizer 2000 laser diffractometer (Malvern Instruments, UK). Particle
images were obtained via the LEO/Zeiss 1530 FEGSEM (LEO Elektronike GmbH, Germany) or
the Carl Zeiss EVO MA15 (Carl Zeiss Ltd, UK) scanning electron microscopes. The densities of
Honite 16, Honite 22, barytes and titania were measured via a Accu-Pyc 1330 helium pycnometer
(Micrometrics Instrument Corporation, USA), from a minimum of three powdered samples each.
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3.3 Acoustic calibration methodology
The principles of calibration are similar to those reported by Thorne and Hanes [15] and Betteridge,
Thorne and Cooke [40], albeit with some differences with respect to concentration, particle size
and pulse emission rate. Firstly, the calibration procedure was streamlined by measuring
intermediate concentrations in the range of 0.5 – 10 kgm-3, with the aim of reducing data variability
due to random fluctuations that are inherently more likely with dilute dispersions as fewer
scatterers are present [43]. As such, small particle radii (< 40 µm) whose attenuation coefficients
fall within the attenuation curve minima between strong viscous and scattering attenuation
behaviour [13] were able to be measured with a relatively high degree of stability (signal strength
variation < 3 – 5% typical). Pulse emission rates were also increased from typical low rates around
4 Hz [15, 40] to 32 Hz. This intensification reduced the required capture times to ~10 minutes,
whilst still enabling sufficient time for stray reflection dissipation between each pulse.
A Perspex column with dimensions 0.3 m diameter x 0.8 m height, and 4 x 0.02 m thick baffles of
full tank height, was employed in all experiments (as shown in Fig. 2). The waterline was set at
0.6 m and an impeller, mixing at a rate of 1600 rpm, was positioned off-centre, 0.1 m above the
base. In this set-up, depth-wise concentration homogeneity was tested and established (see for
example from previous literature, profiles of dense barytes particles in suspension, where sample
standard deviations were in the range ± 0.005 – 0.127 wt.% [26]). Additional homogeneity checks
were performed via sampling and the calculation of wet-dry ratios at each concentration for all
particle types. A smaller Perspex column with dimensions 0.11 m diameter x 0.33 m height was
utilised for measuring latex suspensions and emulsions, as smaller particle volumes (1 – 2 L) were
available for measurement. The corresponding dispersions were mixed via a magnetic stirrer
operating with waterlines at either 0.15 or 0.25 m. Due to the relatively low density of the latex
particles, homogenisation with a high shear overhead stirrer was not required in this case.
An AQUAscat 1000 (Aquatec Group Ltd, UK) acoustic backscattering system (ABS) was used in
all experiments, with 3 transducer set combinations: Set 1: 1, 2, and 4 MHz; Set 2: 1, 2, 4 and 5
MHz; Set 3: 1 and 2 MHz.. The travel time between the instrument emitting a pulse and receiving
the corresponding echo is of the order of 0.8 x 10-3 s at a 32 Hz pulse repetition frequency. Depth
measurements were segregated into 2.5 mm bins, which corresponds with the resolution limit of
Accepted author manuscript: https://doi.org/10.1016/j.apacoust.2018.10.022
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the instrument. An average backscatter voltage versus depth profile was recorded by the ABS per
second, derived from the 32 individual measurements taken per second. The backscatter voltage
data are recorded in root-mean-square format. The tank was initially degassed and each dispersion
was mixed for ten minutes after sediment addition and prior to ABS measurements. Measurements
were taken with each transducer set, with three measurements implemented per transducer for a
duration of ten minutes each. For data analysis, the average of 3 x 10 minute profiles was taken
per transducer, to reduce influences of noise inherent within a dynamic suspension system.
4 Results and discussion
4.1 Particle characterization
The cumulative size distributions of each of the particle systems investigated are presented in Fig.
3. The Honite glass beads, which are the largest in size, have narrow size distributions, making
them ideal as calibration species. The coefficient of variation (CV, being the ratio of the standard
deviation to the mean, quoted in this paper as a fraction) for both glass systems was ~0.2,
highlighting their relative monodispersity. The pMMA latex beads and the MMA droplets, which
are close to colloidal in size, had slightly broader distributions, with CV = 0.7. The size range of
barytes is larger than the pMMA (although still largely below 10 µm) and were notably more
polydisperse than the latex particles, having a CV = 1.5. The titania had the highest level of
polydispersity (CV = 5), and in fact, it is known they are highly aggregated structures in
suspension, comprising a fraction of colloidal particles, intermediately sized aggregates and a
fraction of larger clusters [27]. In addition to the high polydispersity, such structuring may suggest
potential complexities in their acoustical scattering behaviour, due to the influence of the primary
particles on the overall scattering of the aggregate [44-46]. SEM images of the particles provided
in Fig. 4 confirm the size characteristics observed in Fig. 3, and additionally highlight the shape
features of each powder. While the Honite glasses (a) to (b) and the latex (e) are spherical, the
barytes (c) is irregularly shaped, whereas the titania particles (d) are spheroidal aggregated clusters
(consistent with their polydisperse size, as discussed).
Shape, size and material density, are all important features acoustically because they govern the
type of scattering and attenuation mechanisms observed upon insonification. These characteristics
are collated in Table 1, from the largest to smallest median diameter (d50). The size range of the
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particles, which are insonified with frequencies within the megahertz range, enable acoustic
investigation within the Rayleigh regime, where ka < 1. In fact, due to the colloidal size of the
MMA and pMMA beads, it is possible to investigate the region of ka < 10-1, for which the data in
the literature are very limited. In Table 1, the particle types are ordered according to the dominant
attenuating mechanism. Scattering attenuation is the primary mechanism in the case of larger
Honite particles. For the small and dense particles (barytes and titania) viscous losses are assumed
to dominate due to the inertia of the particle, as there is a sizeable density contrast between the
particle and fluid. However, where the density contrast between a small particle and fluid is low,
and there are differences in the thermal properties of the two phases, as in the case of MMA and
pMMA, there is heat flow across the fluid-particle interface, resulting in thermoacoustic losses
[33]. These mechanisms strongly influence the intensity and attenuation of the backscattered pulse.
Hence, they have direct implications on application capability of the ABS with respect to the types
of suspensions that are measurable, and the possible penetration depths [47].
4.2 Comparison of backscatter and attenuation responses of various particle
dispersions
The backscatter intensity profiles of pMMA dispersions at 1.0, 3.7 and 7.3 vol%, are presented in
Fig. 5(a-b) for 1 and 2 MHz respectively, in terms of (I) decibel intensity, and (II) the linearized
G-function, with respect to transducer range r. Initially, the backscatter intensity fluctuates in a
series of peaks and troughs due to natural perturbations in the phase of the received waves in the
transducer’s near-field range, until the transducer focal point (denoted by the vertical dotted lines
in Fig. 5). The intensity subsequently decreases monotonically with distance, consistent with
attenuation-dominated systems [26-29], followed by an intense peak marking the column base at
the furthermost measured transducer range.
Comparing the backscatter response between the 1 and 2 MHz frequencies in Fig 5 (I) indicates
some similarities and differences to previous measurements on inorganic mineral systems
comprising small particle sizes. [26, 27]. Attenuation increases from 1 to 2 MHz as would be
expected [28], due to its natural enhancement with decreasing wavelength. However, the relative
difference in attenuation magnitude is not as significant as would be expected for the doubling in
signal frequency [48]. In this case, the densities of the organic dispersions are low and are
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comparable to that of the dispersing fluid, water. Hence, signal losses may be primarily a result of
thermoacoustic attenuation, rather than viscous or scattering attenuation which are the dominant
mechanisms for the inorganic particles investigated. Specifically, the thickness of the thermal layer
generated around a particle upon insonification is proportional to the reciprocal square-root of the
frequency [9, 33]. Therefore, a low frequency gives rise to a longer thermoacoustic wave, in which
case there is potential for the overlapping of thermal layers between neighbouring particles, that
may reduce the temperature gradient at any given particle interface and overall energy loss. Indeed,
the significant intensity reduction between the 1 and 2 MHz data in Fig. 5, suggests that higher
frequencies would not be suitable for application in organic dispersions, where an appreciable
penetration depth of tens of centimetres is required for measurement, thus constraining the range
of usable frequencies.
The G-function response versus distance in Fig. 5(II) is qualitatively similar to the decibel
backscatter profiles, due to the dispersions being attenuation-dominated giving a linear trend
outside of the near-field region as expected [25]. However, it is noted that the gradient of the
profiles for both frequencies are low in magnitude at all but the highest concentration (where an
increase in gradient is indicative of higher attenuation). This trend highlights that the G-function
has reduced sensitivity for correlating the attenuation of the particles at lower concentrations.
Specifically, dG/dr has a gradient of lower magnitude than the directly interpolated attenuation
(dB/m) taken from the measured backscatter intensity versus distance, for the same concentration.
The general backscatter intensity results of these colloidal organic particles are weak compared to
those exhibited by near colloidal inorganic barytes [26] and titania suspension [27] systems. This
behaviour is partly a function of particle size, where the pMMA particles are the smallest of the
particle systems tested here, whereas the minerals are intermediate and the glass beads are the
largest (refer to Table 1). Thus, the scattering cross-sections of the colloidal organics are relatively
very small. Nonetheless, the organic dispersions are indeed measurable at 15-20 cm depths, which
in itself is a significant result for ABS application, demonstrating its capability in very weakly-
scattering dispersions.
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The general G-function profiles of pMMA at 1 vol% are also compared with the MMA emulsions
and the other mineral particle systems studied; titania, barytes and Honite 22, in Fig. 6. It is noted
that the raw backscatter data for the Honite 22 is given within the Supplementary Materials (Fig.
S1 (b)), while raw backscatter data for the titania are taken from [27]. The actual values of G are
representative of the amount of acoustic backscatter, with the Honite-22 exhibiting higher values
due to its larger size and thus scattering cross-section [38]. The slope of the decay of G with
distance is representative of the amount of signal attenuation (as discussed), where it is clear that
the pMMA and MMA have lower total attenuation in comparison to the similarly-sized barytes
and titania particles, at the same concentration. The attenuating behaviour of each particle system
is compared in Fig. 7, where the gradients, dG/dr,  of  the  2  MHz G-function (shown at one
concentration in Fig. 6) are plotted with respect to concentration M. Linear regression lines are
presented alongside data points. Again, the raw Honite 22 backscatter intensity profiles and the
corresponding G-function profiles from which the dG/dr profiles were derived are provided in the
Supplementary Materials (Figs. S1 and S2, respectively). Honite 16 data are also provided in the
Supplementary Materials, however they were omitted from the plot in Fig. 7 for brevity. The dG/dr
profiles for titania and barytes were derived from previously data published by the current authors
[26, 27]. For MMA and pMMA analysis, the data in Fig. S3 and Fig. 5 are respectively utilised.
The inorganic particle data in Fig. 7 display highly linear trends in the G-function gradient with
respect to concentration. Honite 22, the larger of the plotted scatterers, attenuates the acoustic pulse
minimally with respect to the inorganic minerals and the organic latex. Its size makes it well suited
to generate intense acoustic backscattered signals, yet it is not so large that scattering attenuation
becomes significant [13]. This observation is further validated upon comparison of the associated
sediment attenuation coefficients listed in Table 2. ȟm of each particle system was determined via
the substitution of the gradient of dG/dr versus M in Fig. 7, into Eq. 2. The resulting frequency-
specific attenuation coefficients of Honite 16 are greater than those of Honite 22, as Honite 16 is
within the size range at which scattering attenuation effects are enhanced [13].
The sediment attenuation coefficients of titania and barytes are approximately an order of
magnitude greater than those of the Honite beads (see Table 2). The enhanced attenuation is
primarily due to the small scattering diameters and high density contrast generating significant
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viscous drag between the mineral and water phases [26, 27]. While the MMA and pMMA particles
are colloidal and thus smallest in size, they are less attenuating than the similarly sized inorganic
minerals. This reduction is likely a result of their relatively low density, which reduces viscous
absorption, although further data points are required in Fig. 7 from a wider concentration range to
fully validate the attenuation coefficients of MMA and pMMA. The relatively low volume of the
emulsion and particles produced from crossflow membrane emulsification and suspension
polymerization limited further experiments, but is an area of ongoing work.
4.3 Transducer constants and dimensionless scattering relationships for glass
dispersions
The probe-specific transducer constants, ktm, were determined by substituting VRMS data recorded
at dilute to intermediate dispersion concentrations into the VRMS equation (see Appendix, Eq. A.1)
with respect to transducer range r. Additional parameters substituted into the equation include Į
from the measured ȟm (see previous discussion) and ksc, predicted from the Betteridge, Thorne and
Cooke [40] heuristic expressions (see Appendix, Eqs. A.5 and A.6). This alternative analysis
process corresponds with Route 2 in the flowchart in Fig. 1.
As an example, Fig. 8 presents ktm with respect to r, determined at one dilute and one intermediate
dispersion concentration of Honite 16 and Honite 22, for a 2 MHz probe. As kt is a system
parameter which relates to the transducer and cable properties, it should therefore be independent
of any dispersion related factors such as particle size, concentration or distance from transducer.
In all cases, the data in Fig. 8 show that ktm here is independent of r, which would be expected for
well mixed homogeneous dispersions. Also, there are only minor variations in the data between
each concentration and size investigated in the dynamically mixing dispersions. For example, the
average value of ktm from the data in Fig. 8 for the Set 2, 2 MHz probe is 0.0077 ± 0.0010.
Average ktm values were determined for all probe sets and all frequencies and are presented in
Table 3. For comparison, the values of ktc, which were calculated from VRMS data are provided,
alongside parameters ȟc and ksc obtained directly from the Betteridge, Thorne and Cooke [40]
heuristic expressions for Ȥ and f (see Appendix, Eqs. A.6-A.7). This standard analysis corresponds
with Route 1 in Fig.1. The values of ktm and ktc compare well, with differences of the order of 10%.
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Importantly, the consistency in these results indicate that streamlining the calibration process by
utilizing high pulse-emission rates (~32 Hz) and intermediate concentrations (up to ~10 kgm-3) is
a valid option for determining kt.  Confidence  is  also  provided  in  the G-function approach for
determining attenuation constants of particles from direct measurement.
For completeness, the backscattering constant, ksm, was determined by substituting measured
values of ȟm and ktm into the VRMS equation defined in the Appendix (Eq. A.1, and the final step in
Route 2 in the flowchart in Fig. 1). ksm is given in Fig. 9 for Honite 16 and Honite 22 at one dilute
and one intermediate concentration for the Set 2, 2 MHz probe as an example. The values for
Honite 16 and Honite 22 vary, where the larger Honite 16 particles exhibit the largest ksm, as
expected. In both cases, ksm is invariant with distance and the data at dilute and intermediate
concentrations align well, highlighting that both systems are at concentrations low enough that
significant interparticle scattering does not occur (which would interfere with calculated values at
higher concentrations and or depths). Measured values of ksm are compared with predicted values
of ksc in Table 2. The average measured and predicted backscattering constants of Honite 16 and
Honite 22 align well. The data presented for each particle type in Table 2 also demonstrate the
expected increase in the magnitude of the backscattering constant with increasing particle size and
frequency [13].
The measured backscattering constants ksm given in Table 2 were substituted into the equation
relating ks with the dimensionless form function f (see Appendix, Eq. A.5). Typically, f is
calculated from heuristic expressions for glass spheres [40] or sandy sediments [24]. The values
of f derived from ksm here are compared with those calculated directly from the heuristic
expressions in Fig. 10(a) in the low-ka (Rayleigh scattering) regime. The measured data align well
with the heuristically calculated model for glass spheres [40], however the data are offset with
respect to the model for roughened sandy particles [24]. Since the Honite particles are largely
spherical, this result perhaps is not surprising. It is noted also that the closeness of fit between the
data and the spherical model highlights that there are no measureable effects from polydispersity
in the glass systems, which was expected given the low CV value (~0.2) discussed.
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The measured sediment attenuation coefficients given in Table 2 (discussed in Section 4.2) were
then substituted into the equation relating ȟ with the total normalised scattering cross-section Ȥ (see
Appendix, Eq. A.4), which quantifies the attenuation behaviour in dimensionless form. Similarly,
the form function Ȥ is  calculated  from  heuristic  expressions  for  glass  spheres  [40]  or  sandy
sediments [24]. However, direct measurement of ȟ enabled measured calculation of Ȥ here. Fig.
10(b) compares these values in the low-ka range.
The measured scattering cross-sections align well with predicted values at ka > 0.5, as do the
values of ȟm with ȟc predicted via the Betteridge, Thorne and Cooke [40] heuristic expressions in
Table 2. However, data deviate from prediction in the region ka < 0.5, which corresponds with the
insonification of smaller particles (Fig. 10b). Here, the heuristic expressions under-predict ȟ and
thus Ȥ, by up to an order of magnitude. Given that the close correlations of ks (Fig. 10 (a)) indicated
no substantial effects from polydispersity, the inconsistency between the data and predicted
relationship is most likely due to viscous absorption effects becoming significant for the Honite
22 particles, as these are known to dominate within the low-ka region [12, 49], and are not directly
accounted for in the scattering models of attenuation [24, 40].
Previous work by Thorne, MacDonald and Vincent [44] has looked to adapt the Betteridge, Thorne
and Cooke [40] model to account for viscous effects which dominate at small grain sizes. The
resulting hybrid model does not predict a monotonic dependence of Ȥ with respect to ka in the
Rayleigh regime, but a rather more complex relationship which initially decreases in the region
10-1 < ka < 100, gradually increases (10-2 < ka < 10-1) and finally decreases (10-2 < ka < 10-4). The
hybrid model for determining f and Ȥ has been utilised with success in field studies by Sahin,
Verney, Sheremet and Voulgaris [50] to estimate suspended sediment concentration of flocculated
dispersions which comprise small particles. It is also possible to directly estimate the viscous
attenuation for spherical particles using the model of Urick [41] (as summarized by Guerrero et al.
[12] and described in Section 2). Indeed, viscous attenuation calculations using the Urick model
were attempted for various particle systems in the Rayleigh regime, and are discussed in Section
4.4.
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4.4 Density-normalised form function and total normalised scattering cross-
section
As discussed within Section 4.2, the attenuation constants for a range of sediment types were
determined via the G-function analysis [25] for colloidal, organic and aggregated particulates. By
using the methodology outlined in Fig. 1 flowchart Route 2 (and described in relation to Honite
glass particles in Section 4.3) the scattering constants were similarly determined for all particle
types. This information is given in Table 2. It is noted that the scattering constants could not be
determined for the MMA emulsion droplets due to data fitting variability (inherent in low-intensity
backscatter measurements) and these were ignored hereafter.
With both scattering and attenuation constants, the dimensionless form function f and total
scattering cross-sectionȤ could be constructed for all particle systems and frequencies, the key
goal being to normalise the various data sets. The scattering behaviour of each particle type is
expected to be highly dependent on the density, because Ȥ is proportional to the density and f varies
as the square-root of density (refer to Appendix Eqs. A.4-A.5). Since a large range of particulate
densities were investigated, it was therefore used as the dependent variable. Accordingly, f and Ȥ
for each sediment was compared according to their specific gravity ק to retain non-dimensionality,
and is shown in Fig. 11(a-b) versus ka respectively (with f/¥ק and Ȥ/ק).
The dashed lines depicting predicted data in Fig. 11 correspond with modified f and Ȥ expressions,
as calculated from the Betteridge, Thorne and Cooke [40] model that have also been corrected for
density in the given relationships (f/¥ק and Ȥ/ק). These are similar to functions reported by Moate
and Thorne [37], as used by Wilson and Hay [51], who also investigated particle types with a range
of densities, although there are some key differences. Moate and Thorne [37] normalised f and Ȥ
by the grain density and not the density ratio (as has been done here) and therefore did not strictly
retain non-dimensionality. Additionally, those authors generally investigated larger particle sizes,
reporting Ȥ for ka > 1 and f for ka > 10-1.
For most systems, the data given in Fig. 11 are relatively consistent, enabling direct comparison
of particles with a range of properties, and it is important to consider the effect of density
normalisation. The augmented form function, f/¥ק, appears to collapse almost all particle
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dispersions approximately onto a single relationship versus ka (Fig. 11a). The one particle type
that clearly does not fit the trend is titania. One significant reason for this result may be the
agglomerated nature of the particles, which will lead to a complex acoustic scattering response
that cannot be accounted for from density differences alone [45, 46]. It is also evident from the
form function that measured data considerably over-predict the estimated scattering relationship
at  very  low ka. It is believed that the most likely explanation for the deviation is suspension
polydispersity effects. While such effects were not evident in the relatively monodisperse glass
suspensions, the increasing particle spread of the barytes and latex particles for example (relative
CV ratios of 0.7 and 1.5 respectively) would imply greater influence in these systems.
Thorne and Meral [24] considered acoustic backscatter data at different set CV levels,  and
highlighted the influence of polydispersity on increasing measured form factor values. They
formed an empirical correlation to take account of these effects for both the form function and
scattering cross-section, which is described in the Appendix, Eqs. A.10 and A.11 respectively. By
utilising Eq. A.10, the calculated normalised form factor values were re-estimated, for particles of
the same size and CV ratios as the latex and barytes. These values are compared to the direct
measurements at multiple frequencies in Table 4. Importantly, the corrected estimated factors for
barytes are now very similar to the measured values. The estimations of latex are now also more
closely correlated with those measured (to within an order of magnitude) however there are still
discrepancies; although, it is emphasised that that the relationship was based on data at fixed and
relatively low total CV levels, and ka between 10-1-100 [24]. It may be that the influence of
polydispersity increasingly dominates the scattering response as ka is reduced.
Another consideration is the level of accuracy for measurements in the very low-ka range.  As
previously discussed in relation to the pMMA particles (Fig. 5), due to their small size, measured
backscatter strengths and dG/dr values were relatively low, and because of the lower scattering
intensity, instrument sensitivity in this region may also be reduced. Indeed, it has been noted in
previous studies of suspension attenuation in the low-ka range that measurements are also
complicated by the increasing relative influence of the solvent attenuation [43] which may provide
a further complication for characterising similar colloidal systems.
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The data for the cross-section F (Fig. 11b) suggests a weaker density-normalised correlation, with
noticeably more scatter in the data at the low-ka region, which may have a number of causes. The
roles of particle properties such as shape, orientation, aggregation state, surface roughness and
cavities, for example, can cause deviation in the attenuation behaviour of non-spherical particles
relative to that estimated using expressions for spherical particles with the same equivalent
diameter [13, 52, 53]. These are further complexities that this density normalisation is unable to
fully capture, especially in the case of titania and barytes. Effects of polydispersity on the scattering
cross-section may also be evident in measured values [12]; however, it is thought that the most
significant contribution to variations at low ka will be due to the complex modes of attenuation in
this region, where viscous and even thermal losses may dominate (as discussed in relation to the
glass only data in Fig. 10b). To better illustrate these effects, the measured attenuation constants
(ȟm) reported in Table 3, were compared to values estimated from viscous attenuation alone (ȟcsv)
using Eqs. 5-8 [12, 41], for the pMMA, barytes, Honite 22 and Honite 16 suspensions, as presented
in Fig. 12.
The attenuation constant comparisons in Fig. 12 highlight a number of important features. It is
evident that the measured values from Honite 16 are an order of magnitude larger than those
estimated from viscous absorption, which would be expected, given that attenuation for particles
of this size is mainly through scattering, and confirms that these are a good choice for calibration.
For the Honite 22, data from the 1 and 2 MHz probes (smallest values) are only just above those
estimated from viscous absorption, indicating that viscous absorption does indeed dominate for
particles of this size (~40 µm) and below, apart from at the highest frequencies (4 MHz, highest
value shown) where scattering attenuation is heightened.
For the dense, fine barytes, measured attenuation constants also correlate very closely with those
predicted from viscous attenuation, and values generally are large due to their density. It is noted
that the close correlation also suggests a relatively weak effect of greater particle size distribution
in relation to the form function values (as discussed earlier and shown in Fig. 11a). The equation
given in the appendix to account for particle size distribution on attenuation coefficients (Eq. A.11)
is for scattering attenuation only, and is therefore not applicable in this case. The influence of
particle size distribution on viscous attenuation from the literature is less clear; however, in
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measurements on fine silt particles, work from Guerrero et al. [12] would predict a reduction in
the magnitude of measured values, although significantly only for very fine particles < 5 ȝm.
Lastly, it is clear that measured attenuation constant values for the pMMA particles are also
significantly above those estimated from viscous attenuation (given their low relative density),
despite their small size. This difference would further suggest that these particles undergo
enhanced thermoacoustic attenuation [9, 33].
5 Conclusion
A rapid, phenomenological analysis methodology utilising in situ acoustic backscatter
measurements to determine the acoustic backscattering (ks) and attenuation constants (ȟ) for
arbitrary particle types is reported. The approach considered the double differential of a linearised
expression for the backscatter voltage known as the G-function, as outlined by Rice and co-workers
[25], to quantify ȟ directly for any particle type. Subsequently, a streamlined approach for
transducer calibration was presented and validated with glass dispersions, which utilised known
expressions for spherical particles, to measure the transducer constants (kt) for each probe and
corresponding frequency, enabling extraction of ks values for all particle types. Subsequently, f
and Ȥ were calculated via substitution of measured values of ks and ȟ into the corresponding
equations.
A number of particle types were investigated, including organic latex particles and dense fine
minerals (titania and barytes) in comparison to spherical glass. A particular focus was given to the
measurement of MMA emulsions and pMMA dispersions, owing to their widespread use in the
personal care and chemical industries. While their relatively low density and close-to-colloidal
size (1 – 10 ȝm) produced acoustic signals close to the lower instrumental limit, these dispersions
were characterised successfully and their acoustic properties measured. These measurements
highlight the technique’s ability to obtain data in the low-ka region of the Rayleigh scattering
regime, to facilitate characterisation of industrially relevant particles.
The dimensionless scattering and attenuation properties of this diverse range of particles were
compared directly via density ratio normalisation. The form function of all particle types were
found to align at low ka, with the exception of titania because of scattering complexities associated
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with agglomerated particles. Deviations from expected scattering trends were also considered to
be due to the influence of polydispersity. There was lower consistency in the measured cross-
section data from density-normalised predictions at low ka,  most  likely  due  to  the  increasing
influence of viscous attenuation. Comparison between measured values and estimates of viscous
attenuation highlighted this trend, and further suggested the latex particles are dominated by
thermoacoustic attenuation, which is not evident in the mineral particles. Generally, the normalised
scattering relationships provide a clear indication that particles close to the colloidal regime can
be measured successfully with acoustic backscatter systems, and highlight the great potential of
this technique to be applied for in situ or online monitoring purposes in such systems.
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APPENDIX
The acoustic backscattering model described by Thorne and Hanes [15], is summarised here. The
root-mean-square of excitation voltage, VRMS, from the received backscattered pressure wave,
varies with transducer range, r, and concentration of suspended sediment, M, as described in Eq.
A.1. Here, kt is the independent transducer constant, the backscattering constant ks, denotes the
backscattering properties of the sediment, while the attenuation coefficient Į = Įw + Įs, quantifies
the sound attenuation due to absorption and scattering losses imparted by the fluid Įw and sediment
Įs.
ோܸெௌ = ௞ೞ௞೟ట௥ ܯ½݁ଶ௥ఈ (A.1)
The attenuation contribution of water at zero salinity is taken from [25], at a temperature T in °C
for a given ultrasonic frequency F, as shown by Eq. A.2.ߙ௪ = 0.05641ܨଶ݁ି( ೅మళ) . (A.2)
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The near-field correction factor,ȥ, accounts for the non-linearity of the acoustic wave within the
transducer’s near-field range, and tends to unity (1) in the far-field (as approximated for this study).
The sediment attenuation,Įs, is given in Eq. A.3, as an integral over the insonified distance, r,
where ȟ is the concentration-independent sediment attenuation coefficient. If particle size and
concentration are invariant throughout the measured depth, r (assuming well mixed conditions)
then Įs = ȟM.ߙ௦ = ଵ௥ ׬ ߦܯ݀ݎ௥଴ (A.3)
ȟ is related from the total normalised scattering cross-section Ȥ, sediment radius, a, and sediment
density, ȡ, as given in Eq. A.4 (true for systems that are scattering dominant). It is noted that the
scattering cross-section Ȥ, is dimensionless, and is often compared against ka (where k is the
wavenumber, and a is the particle radius).ߦ = ଷఞସఘ௔ (A.4)
The particle scattering coefficient, ks, can similarly be related to the dimensionless scattering form
function, f, as well as the sediment density and particle size, as given in Eq. A.5.݇௦ = ௙ඥ௔ఘ (A.5)
Empirical expressions for f and Ȥ are given by Betteridge et al. [40] for spherical glass particles,
as given in Eq. A.6 and A.7.݂ = (ଵି଴.ହ௘ష( (ೖೌషభ.ఱ) / బ.ఱ)మ)(ଵା଴.ସ௘ష( (ೖೌషభ.ఱ) / య.బ)మ)(ଵି଴.ହ௘ష((ೖೌషఱ.వ) / బ.ళ)మ)(௞௔)మଵ.଻ା ଴.ଽହ(௞௔)మ (A.6)߯ = ଴.ଶସ(ଵି଴.ସ௘ష( (ೖೌషఱ.ఱ)/ మ.ఱ)మ)(௞௔)ర଴.଻ା଴.ଷ(௞௔)ାଶ.ଵ(௞௔)మି଴.଻(௞௔)యା଴.ଷ(௞௔)ర (A.7)
Thorne and Meral [24] derived alternative expressions for quartz-type sand particles, as given in
Eq. A.8 and A.9.݂ = ௞௔(ଵି଴.ଷହ௘ష((ೖೌషభ.ఱ)/ బ.ళ)మ) )(ଵା଴.ହ௘ష((ೖೌషభ.ఴ)/ మ.మ)మ) )ଵା ଴.ଽ(௞௔)మ (A.8)߯ = ଴.ଶଽ(௞௔)ర଴.ଽହା ଵ.ଶ଼(௞௔)మା଴.ଶହ(௞௔)ర (A.9)
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These expressions for the scattering and attenuation properties of suspensions are strictly only true
for monodisperse systems, but are normally correlated experimentally to dispersions within a
single sieve fraction (a +/- 0.09a) [24]. Thorne and Meral [24] also investigated the influence of
particle size distribution, by measuring the enhancement of f and Ȥ for systems with known
coefficients of variation. Resulting fitted expressions, giving the ratio of average measured values
in relation to those estimated from monodisperse systems of moderate variation in the Rayleigh
regime, are shown in Eq. A.10 and A.11. Here, <f> and <  Ȥ> are the averaged values for systems
with a given distribution in relation to their respective monodisperse values, and CV is the
coefficient of variation, quoted as a fraction (tested for systems where CV = 0.4 [24]).
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Table 1: Material characteristics and corresponding experimental concentrations by
weight and volume fraction.
Particle
Type
d50
ȝm)
ȡ
(kgm-3)
Shape Experiment M
(kgm-3)
׋
(vol%)
Dominant
attenuation
mechanism
Honite 16
(glass beads)
78.6 2470 sphere kt m
ȟ m, ks m
0.3 - 7.9
0.3 - 7.9
0.01 - 0.3
0.01 - 0.3
Scattering
Honite 22
(glass beads)
40.5 2453 sphere kt m
ȟ m, ks m
0.1 – 9.4
0.1 - 75.9
0.004 –0.3
0.004 - 3.0
Scattering &
viscous
Barytes 7.9 4418 irregular
jagged
ȟ m, ks m 2.6 - 63.8 0.06 - 1.42 Viscous
Titania 7.2 3900 aggregated
spheroid
ȟ m, ks m 2.5 - 111.1 0.06 - 2.8 Viscous
pMMA1
(latex beads)
2.3 1180 sphere ȟ m, ks m 3.0 - 87.9  0.25 – 7.3 Thermal
MMA1
(droplets)
2.0 940 sphere ȟ m, ks m 14.8 - 113.1 1.6 – 12.0 Thermal
1 Suspended in sodium dodecyl sulfate (SDS)-laced water to prevent coalescence.
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Table 2: Sediment attenuation and backscattering constants for each sediment; as
measured using the outlined method, ȟm and ks m, and as predicted via the Betteridge et al.
[40] heuristic expressions, ȟsc and ks c.
Particle fr
(MHz)
ȟm
(m2kg-1)
ȟsc
(m2kg-1)
ks m
(mkg-1/2)
ks c
(mkg-1/2)
Honite 16 1 0.047 0.002 0.110 0.099
(glass beads) 2 0.036 0.022 0.410 0.375
4
5
0.247
0.441
0.213
0.407
1.340
1.620
1.190
1.540
Honite 22 1 0.014 0.0003 0.040 0.037
(glass beads) 2 0.024 0.004 0.170 0.147
4
5
0.096
0.181
0.048
0.103
0.650
0.990
0.554
0.828
Barytes1 1 0.115 - 0.020 -
2 0.189 - 0.060 -
Titania2 2 0.238 - 0.117 -
4 0.400 - 0.300 -
pMMA 1 0.095 - 0.023 -
Latex
(beads)
2
4
0.125
0.136
-
-
0.032
0.046
-
-
MMA
Emulsion
1
2
0.060
0.062
-
-
-
-
-
-
(droplets) 4 0.069 - - -
1 Data source; Bux et al. [26]
2 Data source; Bux et al. [27]
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Table 3: Comparison of transducer constants; measured ktm, and ktc calculated from
Betteridge, Thorne and Cooke [40] heuristic equations, for Ȥ and f, and corresponding
standard deviations.
Set Frequency
(MHz)
Average ktm Average ktc
1 1 0.0322 ± 0.0030 0.0244 ± 0.0045
2 0.0076 ± 0.0010 0.0086 ± 0.0006
4 0.0012 ± 0.0002 0.0013 ± 0.0001
2 1 0.0259 ± 0.0024 0.0288 ± 0.0097
2 0.0077 ± 0.0010 0.0088 ± 0.0006
4 0.0084 ± 0.0016 0.0093 ± 0.0004
5 0.0067 ± 0.0012 0.0072 ± 0.0004
3 1 0.0267 ± 0.0025 0.0228 ± 0.0000
2 0.0082 ± 0.0012 0.0092 ± 0.0004
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Table 4: Comparison of the measured form factor values (fm, derived from the measured
scattering constants ksm) for pMMA and barytes, with values calculated from the Thorne
and Meral scattering model, corrected for polydispersity (fc) [24], as described in Eq. A.10
within the Appendix.
Particle type Frequency (MHz) Measured form factor,
fm
Corrected estimated
form factor, fc
pMMA 1 8.1 x 10-4 6.3 x 10-5
2 1.2 x 10-3 2.5 x 10-4
4 1.7 x 10-3 1.0 x 10-3
Barytes 1 1.7 x 10-3 1.6 x 10-3
2 4.0 x 10-3 6.1 x 10-3
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Figure 1: Flowchart illustrating two routes for determining acoustic constants; Route 1
requires heuristic expressions given in Appendix (Eqs. A.6-A.9). Route 2 combines direct
measurement of the attenuation constant with heuristic expressions for calibration.
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Figure 2: Schematic of calibration mixing tank.
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Figure 3: Cumulative size distributions of all particle systems.
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Figure 4: SEM images of all particle systems (at x magnification); (a) Honite 16 glass beads
(x263), (b) Honite 22 glass beads (x348), (c) Barytes (x3k), (d) Titania (x4k), and (e) pMMA
latex beads (x3k).
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Figure 5: I. Backscatter intensity versus distance from transducer, and II. G-function
versus distance from transducer of pMMA latex bead suspensions at three volume
fractions at (a) 1 MHz and (b) 2 MHz frequencies, boundaries between near and far fields
given by vertical dotted lines.
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Figure 6: G-function versus distance from 2 MHz transducers, for MMA emulsions and
corresponding pMMA beads, titania, barytes and Honite 22 (smaller glass) dispersions at 1
vol%. Backscatter data for titania taken from [27] and for barytes from [26]. Data for
Honite 22 given in Supplementary Materials, Figs. S1-S2.
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Figure 7: dG/dr versus nominal concentration M, for MMA, pMMA, titania, barytes and
Honite 22 at 2 MHz.
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Figure 8: Measured transducer constant, ktm , with respect to transducer range r,
determined from measured ȟm and ksm derived from the Betteridge et al. [40] heuristic
expression, for Honite 16 (larger glass) and Honite 22 (smaller glass). Comparison of data
obtained via a 2 MHz probe at two concentrations.
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Figure 9: Measured backscattering constant, ksm, with respect to transducer range r,
derived from ȟm and ktm for Honite 16 and Honite 22. Comparison of data obtained via a 2
MHz probe, at two concentrations.
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Figure 10: (a) Form function f versus ka and (b) total normalized scattering cross-section Ȥ
versus ka, for Honite 16 (larger glass) and Honite 22 (smaller glass). Data points represent
parameters derived from the G-function analysis method (Route 2), and are compared with
predictions (Route 1) utilising expressions for spherical glass particles (Betteridge et al.
2008 [40]) and sandy sediments (Thorne and Meral 2008 [24]). Routes are defined in Fig. 1.
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Figure 11: (a) Form function normalised by square-root of specific gravity, and (b) total
scattering cross-section normalised by specific gravity. Predictions made via Betteridge et
al. [40] expressions subsequently normalised in the same way.
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Figure 12: Measured attenuation coefficients (ȟm) versus theoretical estimations of viscous
absorption (ȟcsv) calculated using Eqs. 5-8, for pMMA, barytes, Honite 22 and Honite 16.
Dotted line reflects 1:1 relationship.
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